A high temperature sensible heat thermal energy storage (TES) system is designed for use in a central receiver concentrating solar power plant. Air is used as the heat transfer fluid and solid bricks made out of a high storage density material are used for storage. Experiments were performed using a laboratory scale TES prototype system and the results are presented. The air inlet temperature was varied between 300 0 C to 600 0 C and the flow rate was varied from 50 CFM to 90 CFM. It was found that the charging time decreases with increase in mass flow rate. A 1D packed bed model was used to simulate the thermal performance of the system and was validated with the experimental results. Unsteady 1D energy conservation equations were formulated for combined convection and conduction heat transfer, and solved numerically for charging/discharging cycles. Appropriate heat transfer and pressure drop correlations from prior literature were identified. A parametric study was done by varying the bed dimensions, fluid flow rate, particle diameter and porosity to evaluate the charging/discharging characteristics, overall thermal efficiency and capacity ratio of the system.
INTRODUCTION
The use of renewable energy sources has become important in view of growing energy demands and continuous depletion of conventional sources of energy. Among renewable energy sources, solar energy is considered a feasible means of generating electricity. Concentrating solar power (CSP) plants can be easily coupled with thermal energy storage (TES) and back-up heat sources making them highly dispatchable. The stored energy can be utilized in the absence of solar radiation or under peak load conditions. Two-tank systems, thermocline systems and packed bed systems using either sensible heat, latent heat, or thermochemical reactions have been used or analyzed for use in CSP plants. When incorporated in a power plant, TES system level efficiency and performance is very important in determining the performance and cost of the plant. Hence, as with any other application, an efficient TES system design that can reduce the levelized cost of energy (LCOE) of the power plant is desirable.
Packed Bed Storage Systems
A packed bed energy storage system consists of solid storage materials such as rocks or encapsulated phase change materials (PCMs), packed into a storage tank, and a heat transfer fluid that is circulated through voids in the bed. Hot fluid flows from solar collectors into the bed from top to bottom, where thermal energy is transferred from hot fluid to storage material during the charging phase. For heat retrieval, cold fluid flows from bottom to top during the discharging phase. A sensible heat storage system in a packed bed of rocks is especially suitable when air is used as the heat transfer fluid (HTF) in the solar receiver [1] . The advantages of a packed bed system with air as the HTF are: 1) Operating temperature constraints due to chemical instability of the HTF or the rocks are eliminated; 2) operating pressure can be close to ambient, avoiding the need for complex sealings; 3) the thermal storage system can be incorporated directly after the receiver, eliminating the need for a heat exchanger between the HTF and the thermal storage medium [1] and 4) by employing conventional materials of construction, significantly lower fabrication costs are expected than those for existing storage systems based on molten salts and steam. However, there are disadvantages associated with the larger air mass flow rates and surface area needed due to the lower volumetric heat capacity and thermal conductivity of air as compared to those of thermooils, molten salts, sodium, or other heat transfer fluids proposed, which result in higher pressure drops and enhanced energy penalties.
Previous modeling and experimental studies on the packed bed for energy storage have focused largely on the use of PCMs as storage materials or sensible heat spherical particles of various materials, relatively small beds, low temperature and sometimes steady state operating conditions. Most of the studies focus on storage in small sized elements like gravel, rocks and pebbles to study the performance of a packed bed system [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Investigators have emphasized that it is important to consider the size of the elements while designing the system as smaller sized elements require more pumping power. Sagara and Nakahara [14] reported that if the bed is longer, the difference of fan energy between large and small materials becomes greater and then, in that case, large size materials may be more favorable as storage materials.
Most of the experiments performed in a packed bed are focused on finding the heat transfer correlations for different configurations and shapes of the particles that can be used for the thermal analysis of the system. The total heat transfer coefficient generally incorporates convection between the fluid and the bed elements, conduction between the bed elements, bed to wall conduction, and the fluid to wall convection. Most of the experimental correlations express the heat transfer coefficient only as a function of the Reynolds number. Therefore, the applicability of these correlations is also limited to particular bed elements used in developing them. Several models are available to simulate heat transfer inside packed bed flow and heat transfer characteristics [3, .
Most of the studies of packed bed storage with gravel or rocks as the storage materials, considered element diameters between 0.01-0.03 m [14] . Very few studies in literature considered larger sized elements [10, 14] because of the low thermal conductivity of rocks. Singh et. al. [10] performed experiments and numerical studies to derive correlations for the Nusselt number and friction factor for large sized elements (particle diameter between 125 mm -186 mm) and porosity higher than 0.31. Their experiments were performed at temperatures less than 100 0 C. Table 1 shows some previous studies that focused on either high temperatures or large elements.
The minimum porosity of the bed used in literature was limited to 0.2595 due to the maximum packing fraction and shape of the elements. High temperature measurements for analyzing the thermal storage capacity of the system were also done [6, 12] but with elements of smaller sizes. None of the studies with large sized elements so far were done at temperatures as high as 300-600 0 C. In this paper, a packed bed thermal storage system, consisting of large sized rectangular shaped bricks (particle diameter of 0.1413 m) as sensible heat storage materials has been studied for use in a solar power plant. The inlet temperature was varied from 350 0 C to 650 0 C. Based on the type and arrangement of elements used, the porosity of the bed was found to be 0.2. A 1D numerical model was developed based on the available models and the results were validated with the experimental results. The model was then used to design a 1 MW th TES system to be suitable for a solar power plant. [2] Soda lime glass <90⁰C ø = 12.6 mm 0.364 [33, 38] Masonry bricks and concrete
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NUMERICAL MODEL
For predicting thermal performance of a packed bed, many mathematical models have been reported in the literature. The heat transfer analysis was carried out using the Mumma and Marvin model reported by Howell et al. [25] , which has been adopted widely in literature. The domain consists of the inside of a cylindrical tank, which is divided into a solid part, a packed bed of particles, and the fluid flowing through the void space surrounding the particles. The simulation is based on a one-dimensional transient analysis of energy exchange between the air stream and material elements, using a finite difference method. For developing the model, the assumptions include: Newtonian flow, constant properties for the solid and the fluid, negligible temperature gradient in radial direction, no internal heat generation, no mass transfer, negligible heat conduction in the fluid phase and negligible radiation heat transfer.
The bed is assumed to consist of 'N' number of elements of equal axial thickness 'Δx' as shown in Fig. 1 . The following governing equations provided by Mumma and Marvin [39] are used to evaluate the temperature distribution for air and solid in the bed.
where , , and The volumetric heat transfer coefficient, h v can be related to surface heat transfer coefficient, h by [40] :
where A e is the surface area of the element that is exposed to the heat transfer fluid and V e is the volume of the bed element. The heat transfer coefficient can be calculated based on an appropriate correlation. The suitable correlation would depend on the bed parameters such as porosity of the bed, size and shape of the elements, the type of fluid and mass flow rate used.
The void fraction, ε is given by the following equation:
EXPERIMENTAL SETUP
To experimentally validate the transient temperature response of the packed bed model, a storage system was constructed and tested using a proprietary brick material as the storage media. A schematic diagram of the experimental setup is shown in Fig. 2 . The storage system consists of 60 bricks with 10 bricks placed side-by-side in the horizontal direction (as shown in the top view, Fig. 3 ) and 6 bricks stacked in the vertical direction, forming 10 columns and 6 rows. The brick arrangement is provided in Fig. 4 . As seen in Fig. 5 , each brick consists of two cavities that form 0.5 inch deep air channels between each brick column. With the arrangement used in the experiments, the porosity of the bed is estimated as 0.2. Figures  6 and 7 show the lab scale setup with various components. Table 2 . Specification of system components Ultra high temperature flexible ceramic sheets were used to insulate the storage bed, upper air ducts and heaters. The lower air duct was insulated with ultra-high temperature rigid sheets made of alumina-silica. Initial tests were conducted using an insulation thickness of 0.0508 m (2 in). Insulation thickness was then increased to 0.2032 m (8 in), after which further tests were conducted to compare the effect of insulation. Six electric heaters were used to produce the desired temperature range for the experiments. During charging mode, the blower was positioned before the heaters such that hot air flowed from the top of the bed and down the channels to store thermal energy in the bricks. During discharging mode, the blower was removed and placed at the bottom duct so that ambient air flowed in the countercurrent direction -from the bottom of the bed and up through the channels to recover the thermal energy. Blower speed was manually set with an A/C variable voltage supply controller. Once the heaters were turned on, they maintained constant power output; therefore the inlet air temperature to the bed was defined by the air flow rate. Table 2 presents the specifications of each component used in the study and Table 3 provides the characteristics of the bed. In the experimental setup, a total of 108 K-type thermocouples were used. One thermocouple was placed immediately after the heaters to measure the air temperature and ensure that the heaters did not exceed their maximum operating temperature. An additional thermocouple was positioned at the end of the bottom duct to measure the outlet air temperature in the manifold during charging, and one was placed each at the inner and outer edge of the insulation to gauge the heat loss from the storage bed. The temperature at the inlet of each channel was recorded in order to find the average inlet air temperature to the bed. The notation "Top Row" in Fig.  4 identifies the location of this row of thermocouples. Air and brick temperatures at rows 6 (top of bed) and 1 (bottom of bed) in all columns were measured in order to record the temperature in each column at the inlet and outlet. Thermocouples were also located at multiple locations within each row by embedding them within the brick, on the surface of the brick and in the air column, to allow for measurement of the average bed and air temperatures. As shown in Fig. 4 , these thermocouples were positioned in the center of each brick row which is 0.089 m from the top of the row. Temperature and time data were obtained by LabView Express and temperature was recorded at one minute time intervals.
UNCERTAINTY ANALYSIS
The maximum thermocouple error in the experiments was +3.75⁰C, based on an error of 0.75% of the peak temperature of 500⁰C. The accuracy of the rotating vane anemometer was +4 ft/min with a display resolution of 1 ft/min. Using equipment error, an error analysis was done to determine the uncertainties in the velocity and flow rate. It was found that the maximum uncertainties were 7.33%, 2.42%, 0.79% and 6.65% respectively for temperature, velocity, air density and mass flow rate. The thermophysical properties of bricks were provided by the manufacturer and hence were not used for error analysis. 
EXPERIMENTAL RESULTS
In order to validate the numerical model, experimental runs were carried out under different mass flow rates which were then used as an input to the mathematical model. Each experimental run represents a thermal cycle of either charging followed immediately by discharging, or charging followed by standby mode in which the blower was turned off and the inlet and outlet manifolds were plugged with insulation. Standby mode was used to evaluate thermal losses from the system and to assess if the storage bed could maintain thermal stratification over extended periods of time. Each thermal cycle used ambient air to charge or discharge the system therefore continuous cyclic operation was not conducted. A manometer was used to measure the pressure drop across the bed based on the volumetric flow rate of the blower. Pressure drop values are provided in Table 4 . It can be observed that the pressure drop decreases with decrease in mass flow rate. The mass flow rates used in the experimental study were restricted by the capacity of the blower and the heaters' temperature limitations. Since the heaters could not go above 650⁰C, the blower was maintained at volumetric flow rates that prohibited the heaters from reaching this temperature. For this study, charging mass flow rates of 0.0385 kg/s, 0.0419 kg/s, and 0.0447 kg/s were used. The maximum temperature achieved from the bed was 527.8⁰C. Figure 8 shows the inlet air temperature during charging mode for different mass flow rates and insulation thicknesses. As expected, the lower mass flow rate provides greater air temperatures to the bed and the thicker insulation reduces heat loss from the air, producing higher inlet air temperatures into the bed. Figures 9 and 10 show the temperature of air entering the top row of the bed in each column for a mass flow rate of 0.0447 kg/s. Figure 9 represents temperature data for the bed with an insulation thickness of 0.0508 m (2 inches) and Fig. 10 represents temperature data for an insulation thickness of 0.203 m (8 inches). For reference, column 1 of air sits between columns 1 (C1) and 2 (C2) of the bricks (Fig. 4) . From these graphs it can be seen that the temperature distribution entering the bed is constant across most columns. Nonuniformity in columns 2 and 3 is likely a result of the flow pattern within the upper duct which may not be uniform since the inlet manifold runs parallel across the bed and the air is not uniformly mixed before entering the columns. In Fig. 11 , the air temperature in rows 2 and 4 for each column is provided for the case of 0.203 m insulation and 0.0447kg/s flow rate. It can be observed that initially, the temperature distribution in each channel was nonuniform and it becomes uniform as time increases. Figures 12 and 13 provide the average temperature distributions within the brick at different rows for charging/discharging modes. In both instances the mass flow rate is 0.0447 kg/s, however the insulation thickness varies from 0.051 m to 0.203 m. After charging the system for 5 hours, the peak temperature for the thinner insulation is 469.0⁰C whereas the peak temperature for the 0.203 m thick insulation is 508.7⁰C. The thicker insulation reduces the temperature gradient between the bed and the environment, thus minimizing heat losses from the system and allowing for greater temperatures within the bed. Figure 14 provides the air temperature of column 5 (center of bed) for each row during charging and discharging mode for the 0.0447 kg/s mass flow rate and 0.203 m insulation thickness case. As the air temperature increases with time, a distinct thermal gradient develops between all rows. After approximately 147 minutes, the temperature difference between row 6 (top row) and row 5 starts to decrease to less than 5⁰C and with time, the thermal gradient between rows 6, 5, 4 and 3 diminishes. As the approach temperature between the brick and air equalizes for the top row, the brick can no longer accumulate energy from the air. This energy is then transferred to the following row of bricks and so on. Figure 15 shows the average brick temperature within several rows for charging/standby mode. The mass flow rate of this case is 0.0385 kg/s and the insulation thickness is 0.508 m (2 in). After charging the system for 3 hours, the system was put into standby mode for 19 hours. Here it can be seen that during standby mode, the bed was able to maintain stratification between all rows for 3 hours but then the temperature of the top row starts to decrease faster than the rest of the bed and approaches the temperature of the fourth row. Row 1 (bottom row) of the bricks also shows a non-linear decrease in temperature with time while in standby mode, whereas rows 2 and 4 show more linear decreases with time. It is likely that since both row 1 and row 6 are located adjacent to the air manifold, heat is lost to the air within the manifold as well as the large surface area of the duct, resulting in a faster rate of heat loss than the other rows. 
NUMERICAL RESULTS
The developed model was used to simulate the experimental results. During the experiments, since the temperature of the air was uniform at the inlet for columns in the middle, the average temperature of the bed and air in the center columns was simulated. In order to find the heat transfer correlation that can predict the numerical results well, various heat transfer correlations available in the literature were used to simulate the system temperature distribution. It was found that the correlation shown in equation (5) by Coutier and Farber [20] can predict the experimental results more accurately compared to the other correlations, with some modification as shown in equation (6) and hence was employed. 
The element diameter, D e is given by equation:
The sphericity, ψ is given by equation:
The volumetric heat transfer coefficient relates to the surface heat transfer coefficient as shown in equation (3) . In equation (3), it is important to find the active surface area of the elements and it is often difficult to predict this area for irregular shaped particles and irregular arrangement in a packed bed. In the present case, due to the regular shape and arrangement of the bricks, the active surface area is equal to the channel area in contact with air.
The developed model was used to simulate the temperatures of air and the storage material in charging mode for all the experimental cases. The density, heat capacity, thermal conductivity and dynamic viscosity of air were calculated at an average temperature observed in the experiments for each case. For simplification, it was assumed that the flow is distributed uniformly in each channel at the inlet. The inlet and exit temperatures along with the temperature at different heights of the bed were validated. It can be observed from Fig. 17 that the numerical prediction of temperature near the inlet deviates from the experiments. This can be due to the fact that inlet effects have been neglected in the model. It was found that the difference between the numerical and experimental results was less than 27% in all the simulated cases (when the brick temperatures were compared). The difference could be because of the assumptions used in the model, thermal properties of bricks used, and the temperature and flow rate measurement errors.
OPTIMIZATION
The developed model was used to design a 4 MWh th packed bed system consisting of similar storage. It is generally required to size the bed corresponding to the amount of energy to be stored at the required temperature. For optimization, it is important to define the parameters and their maximum or minimum requirements that must be satisfied by the design. The design requirements for the current system are as follows:
1. Must store at least 90% of required energy to be stored 2. Charging time is 4 hours 3. Discharging time 4 hours 4. Charging efficiency (η ch , η disch ) greater than 99% =
5. Capacity factor (CF) greater than >70% =
6. Stratification efficiency (η str ) greater than 80% (12) Maximum energy that can be stored in bed = , (T max -T min ) (13) The mass flow rate was kept constant and the bed dimensions were varied in this study in order to find the optimum configuration of the bed. Initially, the mass flow rate of air was calculated from the heat to be stored (4MW in 4 hours) using the equation:
T max is the inlet temperature of air and T min is the minimum temperature of air equal to initial temperature of bed. Table 5 shows the result of the design parameters. The height was varied while the diameter and mass flow rate of 1.6524 kg/s was fixed. For the simulations, the air temperature was assumed to vary from 600 0 C to 25 0 C. Table 6 shows the design parameters variation with diameter for a fixed bed height and mass flow rate. From the above two tables, the following conclusions can be drawn:  Stratification efficiency is more dependent on bed diameter than bed height  As the CF increases, the percent of heat stored decreases.  Bed with a diameter of 0.9754 m and height of 10.668 m meets all the required criteria.
CONCLUSION A 1D numerical model to simulate the performance of a high temperature packed bed thermal energy storage system with large sized bricks is developed. The results are validated with a lab scale system. The developed model was used to find an optimum configuration of a bed that can store 4 MWh th of thermal energy.
